Cells of Pelobacter acidigallici strain WoGal grown in a continuous-flow microchamber with 0.1 mM-gallic acid as sole carbon source attached to the surface either irreversibly (nonmotile cells) or reversibly (motile cells). At low gallic acid concentrations (< 0.1 mM) growth gave rise to microcolonies of < 128 cells which maintained their size by release of motile swarmer cells. Continuous biofilms were formed only at higher substrate concentrations (> 5 mM), at which both growth and cell deposition at the surface took place. Under starvation conditions, motile cells ceased to grow and were washed out, whereas irreversibly attached cells continued to divide but their daughter cells did not grow. The results suggest that this bacterium when growing at an attachment surface undergoes a complex life cycle including attachment and detachment processes and formation of motile swarmer cells.
INTRODUCTION
Research on bacterial colonization of various surfaces has primarily focused on the mechanisms of attachment and on the dynamics of formation and maintenance of biofilms. Less attention has been paid to the growth of individual cells in microcolonies and biofilms. The development of microcolonies up to 16-32 cells has been studied in a continuous-flow apparatus in order to establish the kinetics of bacterial growth on surfaces Caldwell & Lawrence, 1986) . Another equation for growth of bacterial microcolonies (Davidson & Fry, 1987) takes into consideration detachment processes in addition to attachment and growth on surfaces, and explains the occurrence of distinct bacterial colonies, and not of biofilms as predicted from the equation of Caldwell and coworkers, in aquatic environments. The formation of bigger colonies and of biofilms from distinct microcolonies of marine bacteria was studied by Pedersen (1982) using a continuous-flow chamber for long-term experiments. Glass slides which had been exposed in the flow system were removed after various times and examined microscopically. This method allowed the observation of the development of bacterial colonies and biofilms, and revealed various factors influencing surface colonization, but the discontinuity of the method did not allow direct observation of the same colony in situ with time.
All these studies were done with aerobic bacteria. Few data are available on the behaviour of anaerobic sediment bacteria on surfaces, although their natural environment is characterized by high amounts of particulate matter. To our knowledge, there is only one report on direct observation of colony formation by anaerobic bacteria, on an agar film in a system similar to the hanging-drop culture (Fortner, 1929 (Fortner, / 1930 . Although anaerobic processes are commonly used in waste-water treatment, there is a lack of methods for the study of anaerobic bacteria under defined conditions. For this reason, a continuous-flow microchamber was constructed which cells were straight to slightly curved Gram-negative rods (0-4-0-6 x 3-5 pm). They were usually nonmotile, but motility of a small proportion of the cells was observed in newly isolated batch cultures. Out of 30 substrates tested (including sugars, formate, pyruvate and different aromatic compounds), only pyrogallol and gallic acid were fermented.
Primary colonization events
After inoculation of the flow chamber, nonmotile cells always attached irreversibly, with the whole length of the cell in contact with the agar surface, and twitching motility was never observed. In contrast, motile cells normally attached to the substratum at only one pole of the cell; the other part of the cell extended into the boundary layer and exhibited active twitching motility for up to 3 to 4 d. This phase could be interrupted either by detachment and subsequent active movement, or by irreversible attachment and loss of twitching motility. Both cell types (irreversibly attached or twitching) could undergo binary fission. Daughter cells of irreversibly attached cells were also non-motile, and they remained close to the mother cell, forming a microcolony. Daughter cells of reversibly attached, twitching cells either attached loosely to the surface or swam away into the liquid phase. Reversibly attached cells never formed microcolonies until they had attached irreversibly.
Estimation of doubling time
Observation of colony formation allowed an estimation of the doubling times of the irreversibly attached bacteria at various substrate concentrations, since individual cells could be distinguished and counted by photomicroscopy up to the eight-cell stage of colony formation. The doubling time at the surface at high substrate concentrations (2.5 0.5 h with gallic acid concentrations 2 1 mM) was comparable to that in liquid batch culture at the same substrate concentrations. The doubling time of the cells at the surface increased to 3.4 0.2 h with 0-1 mM-galliC acid and to more than 10 h with gallic acid concentrations d0.01 mM, although under the latter conditions exact measurement was not possible due to detachment of motile swarmer cells.
Formation and maintenance of microcolonies
The development and behaviour of single microcolonies of P . acidigallici strain WoGal could be observed over a long period at low nutrient conditions since cell sedimentation from the liquid phase was negligible. Colony development on the agar surface is shown in Fig. 1 . The microcolonies only reached a certain size, depending on the substrate concentration in the inflowing medium. Maintenance of colony size was observed with d0.1 mwgallic acid in the inflowing medium. After the colony had reached a certain size (z 100-200 cells for 0.1 mMsubstrate), peripheral cells were observed which extended radially from the colony and showed twitching motility. After 1-3 h the motile cells detached and migrated into the liquid phase. These motile swarmer cells expressed the same behaviour at a surface as motile cells did after inoculation.
Development of biojilms
When the gallic acid concentration in the inflowing medium was >O.l mM, biofilm development was observed within 10-15 d of inoculation. The structure of the developing biofilm varied depending on the substrate concentration. At high gallic acid concentrations (25 mM), high numbers of suspended cells led to a high deposition rate, resulting in a homogeneous biofilm within 3-6 d of inoculation. At lower gallic acid concentrations (0.1-1 mM) the number of suspended cells was much lower. Due to a low deposition rate the microcolonies remained solitary for longer, and development could be observed upto the 128-cell stage or beyond. After 8 d, the area between the well-developed colonies was covered with smaller microcolonies and single cells which were deposited from the boundary layer (Fig. 2) . Even after 25 d incubation, the heterogeneous structure of the biofilm was still apparent.
Starvation experiments
A biofilm and surrounding colonies, which has developed in the continuous flow microchamber with 1 mMr-gak acid in the inflowing medium, was starved for 8 d by omitting gallic acid from the medium. The first change, observed after 1-2 d, was that the short, curved, highly motile cells became 3-1 0-fold longer, and movement slowed down considerably. These elongated cells did not multiply and were washed out within 1-2 d. Reattachment of these cells was never observed. The resting nonmotile cells also underwent morphological changes. Initially, they showed loss of contrast when examined by phase-contrast microscopy, and 24 h later they had decreased in size. This was due to cell division without growth of the daughter cells. Further changes such as detachment or formation of motile cells were not observed. Fig. 1, after the end of the experiment  (8 d incubation) . Bar, 10 ym. Fig. 3 . SEM photograph of a microcolony of P . acidigallici strain WoGal showing the spongy structure of the colony and the threads connecting the cells. Bar, 10 ym.
Fig. 2. SEM photograph of the same microcolonies as shown in
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After 8 d starvation, gallic acid was added back to the medium reservoir (final concentration 0.01 mM). Three days later, the first motile cells appeared; these were longer than those observed at the beginning of the experiment. Only a proportion of the cells in the biofilm and the colonies were able to grow. Most growth occurred in new microcolonies which developed from single deposited motile cells. SEM examinations of the microcolonies (Fig. 3) showed a spongy structure. The distance between individual bacteria in a microcolony was large and the space between the cells was filled with threads which probably represent remnants of condensed, dehydrated exopolymers.
DISCUSSION
The present studies on the behaviour of an anaerobic bacterium at an agar/liquid interface were carried out in a specially developed continuous-flow apparatus. In contrast to continuousflow chambers and slide cultures described earlier (Quesnel, 1969; Marshall, 1986; Caldwell & Lawrence, 1986) , our flow chamber allowed direct observation of anaerobic bacteria over long time periods. In addition, all preparation steps for SEM examinations could be carried out carefully in situ in the chamber. During fixation and continuous dehydration, no loss of bacteria from the surface was observed, in contrast to other studies (Richards & Turner, 1984) .
The results of experiments with P. acidigallici strain WoGal presented here indicate that the growth rates at the surface, over a wide range of substrate concentrations (I 0.1 mM-10 mM), are very similar to the growth rates calculated for suspended cells. With <0.1 mM-gallic acid in the inflowing medium, the growth rate at the surface decreased. In principle, our results on the dependence of growth rate on substrate concentration are in good agreement with the findings for a strain of Pseudomonas fluorescens (Caldwell & Lawrence, 1986) .
Our observations on the behaviour of cells of P. acidigallici strain WoGal at an agar/liquid interface can be summarized in a life cycle (Fig. 4) . The major parts of this life cycle are the attachment of suspended cells, growth of these cells and subsequent formation of microcolonies and the formation of motile swarmer cells.
The results regarding the primary attachment behaviour of P. acidigallici strain WoGal are similar to the observations recorded for several aerobic bacteria (Kefford & Marshall, 1984; Marshall et al., 1971) . In contrast to the observations with the pseudomonad (Marshall et al., 1971) , both motile and nonmotile cells of P. acidigallici strain WoGal attached to the surface. Whilst the nonmotile cells always attached irreversibly, the motile cells often attached only for a short time, detached, and re-attached somewhere near the old attachment place. The frequent repetition of this process also under substrate-limiting conditions suggests that the energy needed to overcome attraction forces at the surface is not high.
The irreversibly attached cells divided and formed microcolonies. The size of the solitary colonies was maintained by formation and release of motile swarmer cells in the outer part of the colonies. The detachment process observed during liberation of swarmer cells from a colony is interesting in view of the detachment mechanism. SEM photographs of critical-point-dried microcolonies of strain WoGal showed many connecting threads between the bacteria (Fig. 3) . Similar threads in critical-point-dried biofilms were interpreted by Richards & Turner (1984) as remnants of the glycocalyx of the bacteria after dehydration and critical-point drying. In airdried surface colonies of P. acidigallici strain WoGal from other experiments, the cells appeared to be embedded in a slimy matrix. When swarmer cells in the outer part of a microcolony detach, they have to break their glycocalyx connection to the other bacteria. In this case, an active release of the glycocalyx by the swarmer cell, as decribed for Pseudomonas sp. (Wrangstadh et al., 1986) under starvation conditions, seems probable. The release of motile swarmer cells by colonies of P. acidigallici strain WoGal appears to be comparable to swarmer cell formation by different aerobic, sheath-forming bacteria, e.g. Sphaerotilus natans (Dow & Whittenbury, 1980) . The formation of homogeneous, thick biofilms that was observed at high substrate concentrations ( 2 5 mM-gallic acid) appears to be a special case and of minor importance for most natural environments, which are characterized by low substrate concentrations. At lower substrate concentrations (0-1-5 mM) the biofilm developed from originally distinct microcolon- 
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ies which subsequently merged, and the resulting biofilm was heterogeneous. These findings are important for the discussion of biofilm formation kinetics. All models of microbial biofilm formation developed so far are based on a homogeneous structure of the film (Rittmann & McCarty, 1980; Bryers & Characklis, 1982; Kreikenbohm & Stephan, 1985) . However, in natural environments, e.g. in lakes or ponds, and in several types of industrial plant ( e g heat exchangers), substrate concentrations are low. Thus existing models of biofilm formation and maintenance may be only relevant to special systems where high substrate concentrations or high numbers of suspended cells are present.
